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Molecular self-assembly with scaffolded DNA origami
Single-stranded scaffold DNA of type p8064 was prepared as previously described by Kick et al. [5] . Staple oligonucleotides were purchased from Eurofins Genomics in either HPLC purity grade (staples that form a target duplex or carry fluorescent labels) or HPSF purity grade (all other staples). Typical annealing reaction mixes were 50 µl and contained 10 nM scaffold DNA, 12.5 nM of each staple forming a target duplex, 50 nM of the staple pool OT (see Supp. Tables S1 and S2) and 100 nM of every other staple in either 1xCutSmart buffer (50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM Magnesium Acetate, 100 µg/ml BSA, pH 7.9; New England Biolabs) or in a custom folding buffer (5 mM Tris-HCl pH 8, 1 mM EDTA, 10 mM MgCl 2 , 5 mM NaCl). In a Tetrad thermal cycling device (MJ Research, now Bio-Rad), the reaction mixtures were subjected to the following thermal annealing ramp: 65 °C for 15 min, 60 °C for 1 h, decrease by 1 °C every 1 h until 40 °C. After completion, reaction tubes were either stored at 4 °C or kept at room temperature for immediate further processing.
Enzymatic digestion and gel purification
For linearization and shortening of the scaffold, folded structures underwent an enzymatic digestion reaction in 50 µl total volume that contained approximately 2 nM of folded structure (assuming close to 100 percent folding yield), 1xCutSmart buffer and 10 units of restriction enzyme Cla I (NEB). The reaction mixes were incubated for 2h at 37 °C. For purification of the digested species, samples were electrophoresed for at least 1 h at 75 V in 0.8% agarose gels containing 4.4 mM magnesium. Gels were imaged with a Typhoon FLA 9500 laser scanner (GE Healthcare), the desired bands were excised and the sample extracted from the gel slice with 0.45 µm cellulose acetate spin filters (Bio-Rad or Costar).
Single-molecule microscopy experiments
Cover slides were functionalized with a 1:100 mixture of bioPEG-silane:mPEG-silane (Laysan Bio) as previously described [6] . Sample chambers were created by fixing a laser-cut and thoroughly cleaned acrylic glass template to the slide and sealing the interface with vacuum grease. Every chamber was treated with a solution of NeutrAvidin (0.05 mg/ml) in T50 buffer (10 mM Tris, 50 mM NaCl) for at least 30 min, then washed with T50 buffer, followed by 10TE500 buffer (100 mM Tris, 10 mM EDTA, 500 mM NaCl). Gel-purified DNA nanostructures were diluted five-to twentyfold, differing from sample to sample, in a buffer containing 100 mM Tris, 10 mM EDTA and a final concentration of NaCl matching the imaging buffer. Diluted samples were incubated in the chamber until a suitable surface coverage was achieved (50-200 particles per field of view, usually after few minutes), followed by washing with single-molecule washing buffer (same as imaging buffer, but lacking the enzymes), which was exchanged to single-molecule imaging buffer (100 mM Tris pH 8, 2 mM Trolox, 0.8% D-glucose, 442 U/ml glucose oxidase, 2170 U/ml catalase, and 0.15 / 0.5 / 1.0 M NaCl, depending on measurement) prior to data acquistion. Trolox, glucose and enzymes were purchased from Sigma Aldrich. Movies were acquired at ~23°C in a custom-built objective-type TIRFM (oil-immersion objective, 100x, apochromat, NA 1.49; Nikon). ALEX [7] was realized through combination of green (532 nm, Oxxius) and red (640 nm; Oxxius) diode lasers with an acousto-optical tunable filter, or AOTF (PegasusOptics). Fluorescence signals were split into two spectral channels (Cy3: 540-625 nm, Cy5: 665-705 nm) with appropriate dichroic mirror and emission filters (Chroma) and recorded by two separate electron-multiplying charged-coupled device (EMCCD) cameras (iXon+ DU-897; Andor). Videos were taken in full format (512x512 pixels) with a frame rate of 20 fps (net rate per spectral channel: 10 fps) and spooled directly to hard drive in the .fits file format. The sample was mounted on a piezo-driven sample stage (PInanoXYZ; Physik Instrumente). It was kept close to the objective's focus plane by an automated routine employing the standard deviation of the set of pixel intensities within the central 256x256 pixels of one camera frame (σ I ) as a relative measure for the quality of focus [8] . The sample stage was moved periodically in small steps along the optical axis, while feeding back the value of σ I from the camera in the Cy3-channel and seeking to maximize σ I by directing every new step according to the two previous recorded values (most stable focus was achieved for 25-nm displacements and 1 Hz stepping frequency). Cameras and AOTF were synchronized for ALEX through a data acquisition device (National Instruments) and the whole setup was controlled by a custom-written LabView (NI) program.
Centroid tracking and hidden-markov analysis
Pairs of reporter platforms were identified as co-localized intensity maxima and their centroid positions tracked employing a method similar to the one previously described [9] . Long-timescale instrumental drift in the XY plane was removed by moving-average-filtering over a 10-second window, which led to trajectories of XY-displacements from the mean position. Corrupted traces were sorted out manually, the main causes of artifacts being unspecific adhesion of the mobile reporter unit to the glass surface and erroneous centroid tracking because of too close proximity of neighboring particles. The remaining trajectories (typically ~30-40 per movie) were corrected for fast positional vibrations of the whole sample by subtracting the average position over all trajectories from the individual traces, before proceeding to hidden-markov-model (HMM) state assignment.
For the maximum-likelihood HMM analysis, we adapted previously published functions [10] to the case of two-dimensional, concentric emission probabilities, assuming independent and normally distributed x-and y-coordinates for both the bound and unbound states. We accounted for the decrease in precision of centroid tracking due to photo-bleaching over the course of each recorded video by splitting the single-particle trace into segments of homogeneous signal intensity (see Supp. Fig. S9 ) and updating the parameters of the Gaussian emission probability distributions separately for each segment. Following the HMM state assignment, events of unspecific sticking that were missed during the first assessment of the traces (mostly short-lived ones that are difficult to spot by eye, see Supp. Fig. S6 ) could be detected and excluded from further analysis.
Correction for missed events and discrimination of outliers
This step comprised correcting the data for the non-detection of short dwells, i.e. missed events, in a procedure similar to that described by Stigler et al [11] as well as identifying and discarding any particles deviating excessively from the main population. First, maximum and minimum values of reliably detectable dwell-times (T max and T min,i , i=1,2) were determined heuristically for the different types of samples, where the T min,i depended on tether length and had different values for bound (T min,1 ) and unbound states (T min,2 ), ranging between 0.2 and 1.7 seconds. For reasons of consistency, the few detected events shorter than each T min,i were treated as though they had also been missed during the HMM analysis. From pooled sets of many particles' dwell-times in each state, lifetime parameters τ i for truncated singleexponential probability distributions
were obtained by maximum-likelihood estimation. Then, the rate parameters for association k 21 and dissociation k 12 were computed by numerically minimizing the following error term, as motivated in [11] :
Particles with uncharacteristically low or high dwell-times in either state were sorted out using a probability-thresholding approach. For every individual particle, we can calculate the probability of its total time spent in either state (bound or unbound), given the number of dwells and the global rate parameter pertaining to that state. Consider the sum of N random numbers that are each independent and identically distributed following an exponential probability density distribution with rate parameter k. The cumulative distribution, i.e. the probability of this sum being less than or equal to a value x is given by an Erlang distribution: 
and the correct sum of dwell-times S i '
As a side note, this way of particle classification may at first glance yield a somewhat unintuitive assignment at the fringes of the main population clusters (e.g. in Fig. 2A ,C). Particles whose mean dwell-times deviate visibly from the cluster might still be included in the main population due to higher statistical uncertainty, if their individual N is low enough. Vice versa, particles with mean values slightly more similar to the main cluster, but higher N and thus a narrower distribution F might end up being declared as outliers.
In practice, the process outlined above was carried out as follows. As an initial guess, the values of k 12 and k 21 were varied on a 2-dimensional grid to find a combination that yielded the lowest number of outliers, in other words: that maximized the size of the set of particles deemed as the true main population, M. Then, the measured lifetimes of all particles included in M were pooled to re-evaluate the rate parameters and probabilities F, leading to a slightly different composition of M. This step was repeated for usually no more than three iterations until convergence to stable sets of main population vs. outliers was reached.
Simplified model for influence of looping penalties on the on-rate
Considering the contributions of bending deformation and entropy to the energy cost for formation of a loop of length N monomers in a semi-flexible polymer, one can formulate a simple model for the free energy of loop formation, similar to the one derived on pp370-372 of [12] :
where the first term in the brackets reflects the bending energy stored in a circular-shaped loop with contour length proportional to N, the second term originates from the decrease of possible microscopic realizations of the polymer chain upon loop-formation, and A and C are constants. Our measured on-rate will depend on the probability of loop formation, and thus on the looping free energy (approximating loop formation as a two-state system):
Fits of this function to our measured on-rates yield the curves depicted in Fig. 3E .
Effective tethering concentration
While the standard free energy of binding obtained with the nearest-neighbor model is referenced to 1 mol/l bimolecular reactant concentration, our target DNAs are embedded in a unimolecular tethering system whose energetic contribution has to be taken into account.
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The total difference in free energy between the looped and unlooped states will be offset from the nearest-neighbor prediction by a constant value that should be independent of the duplex sequence. As the equilibrium constant is linked to the free energy difference, we expect a linear relationship between experimental and predicted values for K eq :
The scaling factor that connects K eq (NN) with our measured K eq (exp) in units of 1 mol/l reflects the concentration at which a solution-based bimolecular reaction should exhibit the same equilibrium between binding and dissociation as our tethered bimolecular reaction. We determined the K eq (exp) from the ratio of the measured and hairpin-propensity corrected onrate versus measured off-rate for each sequence variant.
Molecular Dynamics simulations
Duplex DNA structures for each sequence variant in B-form geometry were generated using the Nucgen module of the Amber molecular modeling package [13] and used as starting structures for Molecular Dynamics (MD)-simulations. All MD-simulations were performed with the Amber pmemd.cuda program and employing the parmbsc1 force field [14] . An implicit Generalized Born (GB) solvent model (igb=8 in Amber input) was employed to represent surrounding aqueous environment and a Debye-Hückel type mean field to represent the ion atmosphere (at 0.5 M salt concentration) [15, 16] . The hydrogen mass repartition option was employed allowing a time step of 4 fs. After energy minimization of the duplex B-DNA structures (5000 steps steepest descend) the simulation systems were equilibrated by a stepwise heating to the target temperature in 50 K intervals and total equilibration time of 5 ns. The Langevin integrator in combination with a reduced solvent viscosity (~1/30 th reduction) was used. Production simulations of 3-5 µs were performed at temperatures ranging from 325 K to 360 K. To avoid large separations of partner strands after dissociation a center of mass (com)-distance restraint (between backbone phosphate atoms) was applied for com-distances larger than 20 Å. Below a distance of 20 Å the two strands were completely unrestraint. Note, that this com-distance allows a sampling volume for the partner molecules that is close to the standard state volume representing a 1 M reference state. Hence, it mimics closely experimental 1 M standard state concentrations of the DNA partners. Reversible DNA double strand formation (in close agreement with standard B-DNA) and strand separation was observed in the range of 335 K to 355 K for all sequences on the µs-time scale. In addition to simulations on duplex formation/dissociation, MD-simulations of the isolated single-stranded partners were performed. At low simulation temperatures (285 K) secondary structures such as hairpin conformations were sampled for some of the sequences. The simulations were analyzed using the Amber cpptraj module [13] and VMD [17] . The motif "ATCGAT" occurs twice in the scaffold. Numbers give the index of the respective "C" in the scaffold strand, counting from the start of the p8064 sequence as set in caDNAno v0.2; Upon complete digestion, a ~2900-nt fragment of the scaffold is cut from the folded structure, leaving a single tether connecting the two reporter units and short stubs protruding from the immobile and mobile reporter unit (87 and 131 bp, respectively). 
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Fig. S5: Selection of typical single-particle traces of radial excursion over time
Sample: duplex variant CAGGAACG:CGTTCCTG, 1554-bp tether, distal attachment. Measurements were done in 0.5 mol/l NaCl. Dark grey: low-mobility dwells, light grey: highmobility dwells. Total number of transitions in these 36 trajectories: 4458. Summed intensities in ROI, normalized to summed background in ROI, from the the same particles as in Fig.  S5 . Duplex CAGGAACG·CGTTCCTG, 1554-bp tether, distal attachment, 0.5 mol/l NaCl. Red: intervals that were used for HMM analysis. Grey: discarded intervals (due to errors in centroid tracking or other artifacts).
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Fig. S7: Statistics on intensity over time from a dataset of 65 particles
Summed intensities in 7x7 pixel ROI, normalized to background in ROI (as in Fig. S6 ), from many particles were pooled, where only the intervals that were used for HMM analysis were taken into account. Black: median value of distribution, also median filtered in the time domain for better visibility (window size: 2 seconds). Red area: Span of intensity values between 1 st and 3 rd quartile, i.e. the range of the central 50 percent of the distribution. The graphs on the following four pages show distributions for different target sequences, tether lengths, and anchoring geometries. Figure S8 : Heterogeneity in TMFM experiments (a) Scatter plots of mean bound vs. mean unbound dwell times from two different sequence motifs, both with a 1050-bp tether in the proximal attachment geometry, acquired at 500 mM NaCl. Markers give values of the mean dwell times per single-particle trajectory. Triangles: 9mer sequence motif CCAGAGACG, main population (blue) and discarded particles (red, see methods for details). Circles: 8mer sequence motif CAGGAACG, main population (filled) and discarded particles (empty). Particles with less than five dwells in either state were removed from the dataset. (b) Top and bottom triplet: representative traces of radial displacement over time for single particles from main populations of 9mer and 8mer sequence motifs, respectively. Middle triplet: traces from discarded 9mer particles whose mean bound and unbound dwell-times are within the ranges 10-30 seconds and 20-200 seconds, respectively. 
Sequence variant 1, 1554 bp tether, distal attachment
Fig. S13: Residuals of on-rates from linear fits for the seven sequence variants
Residuals of measured and corrected on-rate values from the linear fits in Fig. 5E ,F. Grey / black bars: see legend. ! ! : total sum of squared residuals of variants 1 to 7. From fit to measured rates 1 to 4, @ 2 = 0.62
From fit to corrected rates 1 to 4 and 6, @ 2 = 0.16
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Supplementary Tables   Table S1: Summary of rates, mean dwell-time values, and sizes of the datasets : standard deviation of the distribution obtained by a bootstrapping procedure N unbound : size of the pool of dwell-times in dissociated state N bound : size of the pool of dwell-times in hybridized state N main : number of single particles whose dwell-times were pooled (i.e. the main population) 
